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L  INTRODUCTION 


In  previous  papers  we  have  demonstrated  bow  the  growth  of  a  hologram  in  time  can 
be  used  to  obtain  information  about  photochemistry  [1].  In  particular,  we  have  used  the 
technique  to  investigate  the  photochemistry  of  tetrazine  [2],  carbazole  [3],  and 
benzophenone  [4],  all  in  polymer  host  matrices.  Traditionally  the  formation  of  holograms 
in  polymer  matrices  has  been  of  interest  to  those  searching  for  new  holographic  materials 
[5].  This  area  has  been  nicely  reviewed  by  Tomlinson  and  Chandross  [6].  Our  approach 
has  been  to  turn  these  investigations  around  and  to  extract  photochemical  information 
from  the  holography. 

In  previous  work  [lb],  we  have  developed  a  theory  for  photochemical  holograms 
that  is  valid  for  the  simple  single  step  process  where  reactants  go  directly  to  products. 
These  results  are  valid  only  for  early  times  in  the  holographic  growth  curves.  Even  with 
these  approximations  we  were  able  to  obtain  a  considerable  amount  of  photochemical 
information.  The  experimental  work  with  benzophenone  [4]  showed,  however,  that  in 
some  cases  it  is  necessary  to  go  beyond  the  simple  theory.  The  photochemistry  of 
benzophenone  is  characterized  by  two  distinct  steps: 

A  ^«B  -flfr  »C 

where  benzophenone  (A)  proceeds  to  a  product  (B)  that  can  itself  undergo 
photochemistry  yielding  products  (C).  Here  n  and  m  are  the  number  of  photons  involved 
in  each  step.  For  benzophenone  it  was  found  that  n-m*2. 

In  this  paper  we  attempt  to  treat  the  growth  of  a  hologram  in  more  detail  with  the 
specific  example  of  benzophenone  in  mind.  The  approach  is  to  introduce  kinetic  rate 


equations  [7]  into  the  traditional  equations  for  holographic  efficiency  [8].  Numerical 
calculations  of  the  holographic  growth  curves  can  then  be  made  and  compared  with 
experimentally  obtained  curves.  A  general  formalism  is  outlined  below  making  it  possible 
to  calculate  the  holographic  growth  curves  provided  one  knows  the  kinetic  equations 
governing  the  photochemical  reactions.  Or,  turning  this  around,  one  can  obtain 
information  about  the  photochemical  reaction  scheme  by  comparing  calculated  and 
experimental  growth  curves. 

n.  EXPERIMENTAL  DETAILS 

The  calculated  holographic  growth  curves  will  be  compared  with  experiments  on  the 
photochemistry  of  benzophenone  in  a  polymethylmethacrylate  (PMMA)  matrix.  Most  of 
the  details  of  the  experimental  set-up  and  the  method  of  preparation  of  the  samples  have 
been  discussed  previously  [1-4].  We  will,  therefore,  only  concentrate  on  the  differences 
between  the  experiments  treated  here  and  in  previous  papers. 

Two  distinct  set-ups  were  used  to  obtain  the  experimental  results.  In  the 
arrangement  shown  in  Figure  1,  the  UV  lines  (363.8,  351.4,  351.1,  and  333.6  nm)  from 
an  Ar  laser  were  used.  The  UV  beam  was  split  into  two  and  the  two  beams  were  focused 
to  overlapping  spots  about  0.004  cm2  in  area  on  the  benzophenone/PMMA  sample.  The 
angle  of  interference,  26  in  the  figure,  was  about  0.02  rad.  One  of  the  UV  beams  was 
sent  through  a  rotating  chopper  wheel  before  it  reached  the  sample.  During  the  periods 
when  this  beam  was  off,  its  holographic  image  was  produced  by  the  other  beam  and 
monitored  by  a  photodiode.  The  signal  from  the  photodiode  was  sent  to  a  boxcar 
integrator  which  'read'  the  signal  only  when  the  chopper  was  blocking  the  laser  beam. 
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The  output  signal  from  the  boxcar  integrator,  proportional  to  the  intensity  of  the 
hologram,  was  sent  to  both  a  strip  chart  recorder  and  an  IBM  Series/ 1  computer. 

The  second  set-up  was  used  when  it  was  necessary  to  'read'  the  hologram  with  a 
wavelength  different  from  the  one  used  to  produce  it.  In  this  case  a  second  Ar  laser  was 
used  at  514.5  or  488.0  nm.  The  holograms  were  produced  by  the  UV  lines  from  the  first 
laser  just  as  indicated  in  Figure  1.  In  addition,  a  line  from  the  second  laser  was  focused 
onto  the  sample  along  a  path  nearly  collinear  with  the  unchopped  beam.  The  two  reading 
beams,  UV  and  visible,  were  deflected  by  the  hologram  in  the  sample  in  the  direction  of 
the  photodiode.  A  glass  filter  placed  in  front  of  the  photodiode  permitted  only  the  visible 
holographic  image  to  be  detected.  In  this  way  one  could  follow  the  development  of  the 
hologram  with  visible  light  while  it  was  being  produced  with  interfering  UV  beams. 

m.  GENERAL  THEORY  OF  HOLOGRAPHIC  PHOTOCHEMISTRY 
A.  Mechanism  of  Hologram  Production 

In  this  section  we  will  describe  the  method  by  which  holograms  are  formed  as  a 
result  of  photochemistry  in  a  recording  medium.  The  relationship  between  the  hologram 
efficiency  and  the  samples  optical  properties  has  been  discussed  elsewhere  [6]  and  will  be 
only  briefly  discussed  here.  Our  emphasis  will  be  on  understanding  the  relationship 
between  holographic  growth  and  the  underlying  photochemistry,  particularly  in  those 
circumstances  where  the  chemical  reaction  scheme  is  complex. 

In  Figure  2  the  formation  of  a  hologram  by  the  interference  of  an  object  and  a 
reference  beam  is  shown.  In  the  simplest  case  to  analyze  (and  the  case  that  corresponds 
with  our  experimental  arrangement)  the  object  and  reference  waves  are  plane  waves. 
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These  plane  waves  interfere  to  produce  a  modulated  intensity  pattern  across  the  sample 
[lb].  The  photochemical  process  responsible  for  recording  the  hologram  depends  on  the 
light  intensity  at  any  point  x  across  the  sample.  This  intensity  is  given  by 


/  .  5|  EtI  2  -  J?[ESb>2  +  E"f2  +  2E°bjE"f  cos  (-^L  *)] 
-  2?(E®bj2  +  E«f2)  { 1  +  V  cos  (•“  *)j 


(1) 


where  /  is  in  units  of  einsteins/ cm2-sec  and  all  other  quantities  are  in  cgs  units.  E°bi  and 
E*ef  are  the  electric  field  amplitude  for  object  and  reference  waves,  respectively.  The 
proportionality  constant  3  is  given  by 


B  - 


A  her  f~7 
8  it  A  V  M 


(2) 


Here  e  and  n  are  the  permittivity  and  permeability  of  the  medium  and  A  is  Avogadro’s 
number.  A  in  Eq.  ( 1 )  is  the  spacing  between  interference  fringes  produced  by  the  two 
interfering  plane  waves  and  is  given  by 

A  -  —  ■*—  (3) 

2  n  sin  9 

V  is  the  contrast  or  fringe  visibility  and  is  found  to  be 

V  _  2E°obiE?f  ,  2(/°b»/ref)1/2  (4) 

E®b>2  +  Er0ef2  "  /obj  +  /ref 

The  fringe  visibility  is  seen  to  depend  on  the  relative  intensity  of  object  (7ob))  and 
reference  (Ire{)  beams.  Another  way  of  expressing  V  is  in  terms  of  the  maximum 


intensity  for  1 


5 


An„  -  B(Elb'  +  E'*)2  (5) 

and  the  minimum  intensity 

/min  »  5(Efj-Ef)2.  (6) 

In  this  case 

V  -  +  W  •  (7) 

From  Eq.  (4)  one  sees  that  the  maximum  fringe  visibility  (V=tl)  is  obtained  when 
reference  and  object  waves  are  of  equal  intensity. 

Fringe  visibility,  as  defined  by  Eq.  (7),  is  degraded  by  other  factors  in  addition  to 
intensity  inequalities.  Motion  of  the  holographic  recording  medium,  relative  motion  of 
interfering  object  and  reference  beams,  and  frequency  fluctuations  in  the  recording  beam 
can  all  cause  a  reduction  in  V  [9].  As  will  be  shown  below,  this  can  have  a  significant 
effect  on  the  shape  of  the  holographic  growth  curve. 

Equation  (1)  expresses  the  variation  of  the  total  intensity  across  the  holographic 
recording  material.  The  intensity  variation  results  at  any  given  time  in  a  variation  of  the 
extent  of  the  photochemistry  across  the  sample.  This  spatially  nonuniform  photochemistry 
in  turn  results  in  a  spatially  periodic  variation  in  the  index  of  refraction  n(x)  and  the 
absorption  coefficient  a(x)  such  that: 

n(x)  ®  n0  +  nx  cos  x)  +  n2  cos  x)  +  ...  (8) 

a(x)  m  a0  +  aj  cos  x)  +  a2  cos  (  —  x)  +  ...  . 

A  A 


(9) 
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If  a  reading  beam  strikes  the  sample  more  or  less  along  the  direction  of  the  reference 
wave,  some  of  the  light  is  diffracted  by  the  grating  produced  by  the  spatial  variations  in  n 
and  a  into  the  direction  of  the  now  absent  object  wave.  The  diffracted  beam  is  the 
holographic  image  of  the  object  beam  and  the  efficiency  of  this  hologram  77  is  defined  as 
the  intensity  in  the  diffracted  beam  divided  by  the  intensity  in  the  reading  beam.  More 
complex  holographic  images  can  be  viewed  as  being  made  up  of  linear  combinations  of  n 
and  a  variations  as  represented  in  Eqs.  (11)  and  (12)  with  various  spatial  periods  A  [10]. 


Kogelnik  [8]  has  obtained  the  following  expression  for  a  plane  wave  incident  on  a 
holographic  grating  of  thickness  d 


exp  (  — 

'  cos  9 


)[*,*( +  sinH2(— ^— )] 
'*•  '  X  cos  9  V  0  a  /  J 


2  cos  0 


(10) 


where  3  is  the  average  absorption  coefficient  across  the  sample  and  X'  is  the  reading 
wavelength  which  may  differ  from  the  writing  wavelength  X.  This  expression  is  valid 
under  the  following  conditions: 

(1)  the  modulation  amplitude  is  independent  of  z 

(2)  the  holograms  are  thick,  d>>  A 

(3)  the  n  and  a  modulations  are  sinusoidal 

(4)  the  reconstruction  beam  strikes  the  sample  at  the  Bragg  angle  for  light  of 
wavelength  X'. 


The  exponential  factor  in  Eq.  (13)  accounts  for  the  absorption  of  the  reconstruction 
wave  as  it  passes  through  the  sample.  The  assumption  that  the  modulation  amplitude  is 
independent  of  :  is  equivalent  to  assuming  that  this  factor  is  nearly  unity.  Our 
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conclusions  based  on  Eq.  (13)  are  thus  strictly  valid  only  for  optically  thin  samples.  As 
we  have  previously  shown  [1]  for  short  times  even  in  optically  thick  samples,  Eq.  (13)  is 
valid.  Tomlinson  [g]  has  treated  the  more  complicated  case  of  hologram  formation  in 
optically  thick  samples  where  the  radiation  intensity  and  hence  the  photochemistry  are 
complicated  functions  of  z  and  time  [11]. 

The  two  terms  inside  the  square  bracket  represent  two  different  mechanisms  of 
hologram  formation.  The  first  term  describes  hologram  formation  as  a  result  of  changes  in 
the  index  of  refraction.  Holograms  of  this  type  are  called  phase  holograms.  The  second 
term  describes  holograms  resulting  from  changes  in  the  absorption  coefficient.  These 
holograms  are  called  amplitude  holograms.  It  can  be  shown  that  the  maximum  theoretical 
efficiency  for  a  thick  amplitude  hologram  is  3.7%.  On  the  other  hand,  thick  phase 
holograms  may  approach  efficiencies  of  100%  [6].  We  will  see  below  that  the  holograms 
observed  in  benzophenone  are  almost  pure  phase  holograms  [4]. 

B.  Relationship  Between  Hologram  Growth  and  Photochemistry 
1.  Phase  Holograms 

To  relate  the  growth  of  the  hologram  to  the  underlying  photochemical  reaction,  we 
must  relate  the  changes  in  index  of  refraction  and  absorption  coefficient  to  the  variation  in 
concentration  of  reactants  and  products.  For  phase  holograms  this  is  done  by  utilizing  the 
Lorentz-Lorenz  relationship  between  polarizability  a  and  index  of  refraction  [6,12]. 
Introducing  a  molar  refraction  R  given  by 

R  «,  ±L  Aa 
3 


(11) 
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this  relationship  can  be  expressed  as: 


;i2- 1  _  PR 

n2  +  2  M 


(12) 


where  p  is  the  density  of  the  polarizable  species  and  M  is  its  molecular  weight.  For  an 
ideal  mixture  where  one  can  neglect  electronic  interactions  among  the  components, 

Eq.  (12)  becomes 


n2  —  1  y 

«2+2  r 


(13) 


where  the  sum  is  over  all  i  components  of  the  mixture. 


For  any  one  component  the  molar  refraction  &j(«)  can  be  related  to  the  oscillator 
strengths  f  \  of  the  various  electronic  transitions  s  for  the  i-th  component  [6]: 


*i(«) 


4ir  Ae2  y 

3  m  r 


A 

2 


(14) 


where  is  the  frequency  of  the  j-th  transition  in  the  /-th  component  of  the  mixture  and 
where  e  and  m  are  the  electron  charge  and  mass,  respectively.  Note  that  the  molar 
refraction  is  a  function  of  frequency.  Equation  (14)  holds  only  in  those  frequency 
regions  far  away  from  absorption  bands  where  one  can  neglect  contributions  from  the 
imaginary  part  of  the  index  of  refraction.  In  most  of  the  experimental  situations  that  we 
have  encountered,  the  interfering  laser  beams  have  been  at  the  edge  of  an  absorption  band 
so  that  this  approximation  is  valid.  Should  it  be  necessary  one  could,  without  difficulty, 
calculate  the  molar  refractivity  including  damping. 
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Suppose  that  as  a  result  of  a  chemical  reaction  the  density  or  concentration  of  the 
/-th  component  changes  by  an  amount  Apj.  When  this  change  does  not  result  in  a  large 
change  An  in  the  index  of  refraction  with  respect  to  n  we  may  write  the  resulting  change 
in  the  index  of  refraction  as 


A  n 


(n2  +  2) 
6/1 


S  %  *.<"> 


(IS) 


Here  is  the  molecular  weight  of  the  i-th  component.  This  result  assumes  that  the 
chemical  reaction  only  affects  the  concentrations  or  number  densities  of  products  and 
reactants  and  that  there  are  no  local  changes  in  the  structure  of  the  system  that  might 
affect  the  overall  density.  The  assumption  is  not  appropriate  for  many  holographic 
materials  such  as  widely  used  dichromated  gelatin  where  extensive  local  density  changes 
occur  as  a  result  of  the  photochemistry  [13]. 


Equation  (15)  is  the  key  expression  for  calculating  the  change  of  the  index  of 
refraction  as  photochemistry  proceeds.  The  density  change  Apj  for  the  starting  material 
in  the  reaction  can  be  related  to  its  initial  concentration  at  0  in  moles/liter,  C]  and  the 
concentration  at  time  f,  of  the  i-th  component  by  the  expression: 

a*i  -  (—  -  >K  (16) 

Co 

where  p\  is  the  initial  density  of  component  1 


1 

Po 


(17) 


The  photochemical  products  are  assumed  to  have  zero  initial  concentrations.  The  density 
charges  for  these  components  are  given  by 
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(18) 


where  i#  1  and  where  Po'x  determined  by  Eq.  (17)  with  1  replaced  by  i.  The  time 
dependence  of  Cl(r)  can  be  calculated  from  kinetic  rate  equations  as  will  be  discussed  in 
Section  DID. 


2.  Amplitude  Holograms 

For  amplitude  holograms  the  time  dependence  of  the  efficiency  depends  on  changes 
in  the  absorption  coefficient  of  the  various  components  o*(u).  This  absorption  coefficient 
is  related  to  the  molar  extinction  coefficient  e(u>)  by  the  well-known  expression  [14] 

^(w)  -  2.30ei(a)Ci  .  (19) 

To  emphasize  the  relationship  between  the  phase  and  amplitude  hologram  equations, 
we  can  define  a  quantity  that  we  will  call  the  molar  absorption  coefficient  S^u j)  by 
analogy  with  the  molar  refraction  /?j(w): 

5  =(«)  -  -  2.30«‘(u)  .  (20) 

C 

Just  as  for  f?j(<o),  S-X(u)  can  be  calculated  knowing  the  oscillator  strength  /  and  the 
absorption  line  shape  since  [15] 

/  .  2.33x^10—°  J  e(u)dw  (21) 

The  change  in  absorptioa  coefficient  can  then  be  written  as  a  function  of  time  in  a 


manner  similar  to  Eq.  (20): 
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Aa1  .  _  l )<:>$,<«).  (22a) 

Cq 

An1  ,  £lil  Ml.  (22b) 

C‘ 

Then  knowing  the  absorption  spectra  of  the  reactants,  their  concentration,  and  the  kinetic 
rate  equations  one  can  evaluate  the  time  dependent  quantity  An*. 

IV.  TIME  DEPENDENCE  OF  HOLOGRAM  GROWTH 
A.  General  Remarks 

In  this  section  we  will  describe  calculations  of  holographic  growth  curves  using  the 
general  procedure  outlined  in  Section  m.  Since  we  will  use  as  an  experimental  example 
the  hydrogen  abstraction  reaction  of  benzophenone  in  polymethylmethacrylate  [4],  we  will 
choose  parameters  for  our  calculation  appropriate  for  this  photochemical  reaction.  The 
parameters  used  are  gathered  together  in  Table  I.  Some  of  these  parameters  will  be 
discussed  in  more  detail  below. 

Three  general  photochemical  reaction  schemes  will  be  treated;  a  simple  one-step 
reaction 


Aj  ♦  A2  , 


A1  **■  A2 
Aj  Aj  , 


two  parallel  reactions 


and  a  consecutive  reaction  scheme 


Aj  -*■  Aj  -*•  A3  . 

This  last  case  corresponds  to  the  situation  actually  observed  for  benzophenone. 


B.  One-Step  Reaction  Scheme;  A^A^ 

The  one-step  reaction  scheme  is  the  simplest  photochemical  reaction  sequence  one 
can  consider.  It  corresponds  to  the  situation  actually  observed  for  dimethyl-s-tetrazine 
and  camphorquinone  [I].  The  time  dependence  for  the  build-up  of  A2  and  depletion  of 
A1  is  exponential: 

Cl(f)  -  Cje"**  (23a) 


cHt)  -  C‘-Cl(r).  (23b) 

These  expressions  can  be  used  to  calculate  In  or  A  a  using  Eqs.  (15)  and  (22), 
respectively,  provided  that  one  knows  k.  The  calculation  of  k  for  one  and  two-photon 
processes  has  been  discussed  in  a  previous  publication  [lb].  If  n  indicates  the  number  of 
photons  involved  in  the  photochemical  reaction,  it  has  been  found  that: 

k  -  (24) 

where 

$  -  (2303. )*«!  for  n  -  1  (25) 

■  (2303.)‘£eje2r  for  »  ■  2  . 


(26) 
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Since  the  benzophenone  hydrogen  abstraction  reaction  is  a  two-photon  process 
[4,16],  we  will  only  consider  the  nm  2  case  below.  However,  except  for  the  intensity 
dependence,  there  is  little  difference  between  holographic  growth  curves  produced  by  one 
and  two-photon  processes,  is  thus  chosen  to  be  appropriate  for  the  transition  of 

benzophenone.  The  second  photon  is  absorbed  by  the  benzophenone  lowest  triplet  state, 
Tj-*-Ta,  and  we  use  a  value  of  e2  appropriate  to  this  transition  [17].  r  is  chosen  to  be 
equal  to  the  benzophenone  triplet  state  lifetime. 

To  actually  calculate  the  hologram  efficiency  from  Eq.  (10),  we  need  to  know  how 
the  photochemistry  described  by  Eqs.  (23)  modifies  the  index  of  refraction  and/or  the 
absorption  coefficient.  We  will  first  consider  a  pure  phase  hologram  produced  by  index  of 
refraction  changes.  Equation  (14)  relates  the  transition  oscillator  strength  to  the  molar 
refractivity.  In  Table  II  we  have  listed  the  transition  oscillator  strengths  and  wavelengths 
for  A}  which  we  assume  to  be  benzophenone.  A2  is  assumed  to  be  the  intermediate 
formed  after  hydrogen  abstraction.  This  intermediate  has  a  strong  absorption  in  the  same 
spectral  region  as  the  benzophenone  lowest  nir*  singlet  state  absorption.  This  is  reflected 
in  Table  II  by  the  increased  oscillator  strength  for  A2  in  this  region.  Values  for  /?‘(w) 
calculated  using  these  parameters  are  shown  in  Figure  3  as  a  function  of  wavelength. 

(The  curve  for  A3  will  be  discussed  below  in  Subsection  D.)  From  the  curves  in  Figure  3 
we  extract  the  values  of  and  R2  for  the  wavelength  at  which  the  holograms  are  to  be 
read,  350  nm  in  the  present  case.  These  values  are  listed  in  Table  I. 

With  these  values  and  Eq.  (15)  one  can  calculate  the  index  of  refraction  change 
provided  one  knows  the  laser  intensity.  Of  course  the  laser  intensity  will  vary  across  the 
sample  in  a  manner  described  by  Eq.  (1).  In  Figure  4  the  variation  of  In  across  the 
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benzophenone/PMMA  sample  as  a  result  of  the  light  intensity  variation  is  shown  at 
several  times  during  the  process  of  a  two-photon  photochemical  reaction.  Curves  for  the 
In  variation  of  a  one-photon  photochemical  system  look  qualitatively  ■similar-  Because  we 
have  chosen  the  fringe  visibility  V  to  be  1.0,  the  point  at  a  distance  0.5  in  the  figure 
receives  no  light  and  thus  An  will  always  be  zero  at  this  point.  In  actual  experiments  V  is 
less  than  1.0  because  of  inequalities  in  the  intensities  of  the  interfering  beams,  motion  of 
substrate  and  beams,  and  variations  in  laser  wavelength. 

To  calculate  the  hologram  efficiency  using  Eq.  (10),  one  needs  to  know  nj  as 
defined  in  Eq.  (8).  Equation  (8)  is  actually  a  Fourier  series  expansion  of  the  spatially 
varying  index  of  refraction  and  nm  is  one  of  the  coefficients  in  the  expansion.  It  may, 
therefore,  be  obtained  from  the  expression 

„m  .  1  f\(X)cosmXdX  (27) 

where 


The  integral  in  Eq.  (27)  may  be  evaluated  using  n(X)  determined  at  various  times  during 
the  hologram  growth.  One  can  substitute  these  values  into  Eq.  (10)  to  obtain  a  time 
dependent  hologram  efficiency  7j.  First  order  holographic  growth  curves  generated  in  this 
way  are  shown  in  Figure  5.  The  first  order  curves  are  obtained  using  mm  l  in  Eq.  (27). 
To  correlate  these  curves  with  the  progress  of  the  photochemistry,  we  note  that  the  rate  k 
for  an  intensity  of  1  W/cm2  is  0.032  sec'1.  The  maximum  in  the  hologram  efficiency 
occurs  near  the  time  tm\/k  as  Figure  5  shows.  In  Figure  5  we  also  illustrate  the  effects 
of  decreasing  the  fringe  visibility  V  on  the  shape  of  the  growth  curves.  Decreasing  V 
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results  in  an  overall  lowering  of  the  maximum  attainable  efficiency  as  shown  in 
Figure  5(a).  It  also  tends  to  cause  a  more  rapid  washing  out  of  the  hologram  at  longer 
times  as  shown  in  Figure  5(b).  Because  the  shape  of  the  growth  curve  is  sensitive  to 
changes  in  V  and  because  V  is  not  a  parameter  that  is  easily  accessible  experimentally,  we 
have  chosen  to  fix  V  at  1.0  and  compare  calculated  and  experimental  growth  curves 
qualitatively  only.  Careful  control  of  the  parameter  will  be  necessary  if  one  wants  to  fit 
the  calculated  hologram  growth  curve  10  the  experimental  one. 

If  one  sets  m  in  Eq.  (27)  equal  to  2,  one  obtains  the  coefficient  n2-  This  coefficient 
can  be  used  in  Eq.  (10)  to  calculate  the  growth  of  the  second  order  hologram  that 
appears  displaced  from  the  reference  beam  by  an  angle  40.  It  is  sometimes  convenient  to 
use  higher  order  holograms  to  follow  the  photochemistry  since  these  holograms  occur 
spatially  distinct  from  the  object  and  reference  beams  and  can  be  monitored  without 
turning  off  the  object  beam  [1].  The  growth  of  a  second  order  hologram  is  compared  to 
that  of  a  first  order  hologram  in  Figure  6  for  a  simple  one-step  reaction  scheme.  The 
curves  are  normalized  in  the  figure  to  a  maximum  efficiency  of  1.0  for  easier  comparison 
of  their  shapes.  The  actual  maximum  efficiency  of  the  second  order  hologram  is  0.003 
compared  to  a  value  of  0.009  for  the  first  order  hologram.  In  addition  to  being  weaker. 
Figure  6  indicates  that  the  second  order  hologram  reaches  its  maximum  efficiency  much 
more  slowly  as  well. 

In  previous  publications  [1]  we  have  developed  an  equation  that  describes  the 
hologram  efficiency  as  a  function  of  time  for  early  times  in  the  hologram  growth 

V  -  a(I)t2 


(28) 
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where  a(D  has  the  functional  form 

a(I)  m  bl2a  (29) 

and  where  b  is  a  constant.  This  form  is  convenient  for  analyzing  experimental  data.  It 
relies  for  its  validity  on  two  approximations.  First  and  most  frequently  satisfied,  the 
argument  of  the  sine  in  Eq.  (10)  must  satisfy  the  inequality 

vnxd 

-r— - —  <<1  • 

\'  cos  d 

This  inequality  is  satisfied  during  the  early  stages  of  the  hologram  growth  when  the 
efficiency  is  low.  Equation  (23)  also  assumes  that  there  is  no  significant  depletion  of  the 
concentration  of  original  molecules  Aj.  This  is  true  provided 

/  <<  l/k. 

To  see  how  well  this  approximation  describes  the  hologram  growth  we  have  plotted 
the  function  Tj/f2  as  a  function  of  time  in  Figure  7.  If  Eq.  (28)  were  strictly  valid  7j/r2 
would  be  independent  of  time.  In  the  figure  one  can  see  that  this  approximation  is 
roughly  true  for  times  shorter  than  3  sec.  This  time  should  be  compared  to  l/k  which  for 
the  parameters  used  here  is  31s. 

It  is  dear  from  the  figure  that  one  wants  to  measure  the  quadratic  growth  rate  a(I) 
at  very  early  times  in  the  hologram  growth  process.  Since  time  enters  the  hologram 
efficiency  equations  only  via  the  kinetic  expressions  Eq.  (23),  the  actual  shape  of  the 
holographic  growth  curve  is  independent  of  k  when  tj  is  plotted  vs.  a  dimensionless  time 
T mkt.  This  means  that  if  one  measures  an  average  a(7)  over  the  same  efficiency  range 
the  average  value  of  a{I)  found  will  be  proportional  to  k  even  though  strictly  speaking 
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a(D  is  not  itself  a  constant.  In  this  way  plots  of  a(D  vs.  /  can  be  used  to  measure  the 
order  of  the  photochemical  reaction  n  even  when  the  plots  are  made  over  time  spans 
where  a(J)  is  not  strictly  constant.  Of  course,  another  way  of  obtaining  a  more  accurate 
value  for  a(T)  would  be  to  add  higher  order  terms  to  Eq.  (28)  and  fit  the  hologram 
growth  curve  to  this  multiparameter  expression.  In  view  of  the  accurate  values  of  a(I) 
obtained  experimentally  using  the  first  method  [1,4],  this  more  complex  method  does  not 
seem  necessary. 

We  uext  turn  to  a  consideration  of  pure  amplitude  holograms  arising  from  changes  in 
the  absorption  coefficient  A  a  of  the  sample.  As  we  have  shown  in  Eqs.  (22),  An1  for  the 
i-th  component  of  the  system  can  be  obtained  knowing  the  molar  absorption  coefficient 
•S’j(w).  To  calculate  5j(«)  we  need  to  know  the  value  of  e^u)  at  the  frequency  of  interest 
u.  In  our  calculation  we  will  asstime  the  electronic  transition  oscillator  strengths  and 
wavelengths  given  in  Table  n.  We  will  also  assume  that  each  of  the  electronic  transitions 
is  concentrated  in  a  Gaussian  line  of  50  nm  width  centered  at  the  appropriate  wavelength 
given  in  the  table.  Values  of  5j(«)  calculated  in  this  way  are  shown  in  Figure  8.  The 
component  A3  will  be  discussed  in  Section  IVD.  In  this  way  the  following  Sj  values  are 
obtained  at  a  wavelength  of  350  am: 

Sj  -  372.62 
S2  •  2924.5  . 

Using  these  values  one  can  calculate  the  amplitude  holographic  growth  curve.  When  this 
is  done  one  obtains  curves  with  shapes  identical  to  the  curves  shown  in  Figure  5.  The 
maximum  efficiency  obtained  by  the  amplitude  holograms  in  this  case  is  4x  10*7.  This 
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should  be  compared  to  a  maximum  phase  hologram  efficiency  of  0.009.  The  maximum 
amplitude  hologram  efficiency  is  small  because  the  absorption  coefficient  of  the  200 fi, 
0.03  mole/1  sample  of  benzophenone  in  PMMA  used  as  a  model  for  these  calculations  is 
small.  Geariy  in  this  case  the  phase  hologram  is  dominant.  Since  the  phase  hologram  is 
dominant  in  the  benzophenone  case  that  we  have  chosen  as  an  experimental  example,  we 
will  not  discuss  amplitude  hologram  formation  anymore.  It  is  straightforward  to  add 
contributions  from  amplitude  holograms  in  those  cases  where  it  might  be  necessary. 

C.  Parallel  Reaction  Scheme;  A^A^,  Aj-*^ 

The  solution  of  the  kinetic  equations  appropriate  to  the  reaction  scheme 

A1  '■s  " 1  '  A2 
*1 

Aj  1  A3 

are  straightforward  [7].  With  the  definitions 

T  -  V 

K  -  k2/kl 


one  obtains  the  following  expressions  for  the  time  dependence  of  the  concentrations: 


CL  m  e-d  +K)T 

Clo 


(30a) 


**  -  7T 

'"o 


1 


(1  +  *) 


(1  -  e 


-o+ttr 


) 


(30b) 
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Note  that  for  this  reaction  the  ratio  X^/X^  is  always  a  constant  AT.  This  means  that  the 
index  of  refraction  changes  from  that  of  the  background  value  nQ  plus  a  contribution  from 
Aj  to  a  contribution  from  Aj  plus  a  contribution  from  A2  and  A3.  Since  the  ratios  of  A2 
and  A3  contributions  always  remain  the  same,  the  hologram  growth  is  qualitatively 
identical  to  the  simple  one  step  reaction  scheme  treated  in  the  preceding  subsection.  It  is 
thus  impossible  from  the  shape  of  the  hologram  growth  curves  to  distinguish  between  this 
reaction  mechanism  and  the  one  step  mechanism  of  the  previous  subsection. 

When  the  two  parallel  reactions  involve  different  numbers  of  photons  and  thus  have 
different  intensity  dependence  one  can,  by  plotting  a(I)  vs.  /,  distinguish  this  parallel 
reaction  scheme  from  other  schemes.  This  is  illustrated  in  Figure  9  for  the  case  where  the 
first  reaction  A^A2  depends  linearly  on  intensity  and  the  second  step  Aj^Aj  is 
quadratic.  The  parameters  used  in  the  calculation  are  given  in  Table  I  assuming  a 
hologram  writing  and  reading  wavelength  of  350  am.  The  value  of  £3  chosen  for  A3  will 
be  discussed  in  Subsection  D.  Here  we  only  note  that  in  the  second  reaction  Aj-*^  the 
molar  refractivity  decreases  while  in  the  reaction  Aj-*A2  it  increases.  This  results  in  an 
interesting  hologram  cancellation  effect  that  we  will  discuss  below.  In  Figure  9  it  has  the 
effect  of  causing  the  'kink'  in  the  plot  of  a(I)  vs.  /  as  the  system  goes  from  a  behavior  at 
low  intensities  dominated  by  the  first  reaction  to  a  behavior  at  higher  intensities 
dominated  by  the  second  reaction.  Of  course  when  both  reactions  result  in  changes  in 
refractive  index  of  the  same  sign,  the  'kink'  is  not  present  and  one  passes  smoothly  from 
low  to  high  intensity  regimes.  In  this  context  holographic  techniques  may  be  useful  in 
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identifying  photochemical  systems  in  which  the  products  may  vary  depending  on  the 
intensity  of  the  exciting  light.  Examples  of  such  systems  have  recently  been  discussed 
[18]. 

Since  in  the  present  embodiment  of  the  holographic  experiments  the  reactions  occur 
in  the  solid  state,  another  variation  of  the  parallel  reaction  scheme  must  be  considered.  In 
this  variation 


Here  molecule  Aj  may  sit  in  two  different  reactive  sites.  In  one  of  the  sites  A£  is  the 
photochemical  product  and  in  the  other  A3  is  produced.  These  reactions  are  completely 
independent  of  each  other.  The  resulting  kinetic  expressions  are  simply  two  sets  of 
equations  identical  to  Eqs.  (23). 

In  the  case  where  the  hologram  is  written  and  read  at  350  nm,  where  k^/k^  is  0.01 
and  where  both  steps  are  quadratic  one  obtains  the  curve  shown  in  Figure  10(a).  Initially 
the  hologram  is  produced  as  a  result  of  the  rapid  reaction  Aj-*A2.  As  Aj  molecules  are 

depleted,  however,  the  hologram  due  to  this  reaction  begins  to  disappear.  In  addition  the 

* 

At-*A3  reaction  becomes  increasingly  important.  Recall  from  the  discussion  above  that 
production  of  A3  results  in  an  index  of  refraction  change  different  in  sign  from  the  one 
resulting  from  A2  production.  The  initial  effect  of  the  slow  increase  in  A3  concentration 
is  to  reduce  the  efficiency  of  the  A2  hologram.  As  Figure  10(a)  shows,  the  hologram 
goes  through  zero  efficiency  and  then  increases  again  as  the  A3  concentration  rises 


further. 
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If  one  uses  the  parameters  for  the  molar  refractivity  appropriate  for  reading  the 
hologram  at  514  nm  (shown  in  Figure  3),  one  obtains  the  hologram  growth  curve  shown 
in  Figure  10(b).  Here  the  hologram  is  being  produced  at  350  nm  but  read  at  514  nm. 
Since  at  this  reading  wavelength,  A2  and  A3  result  in  molar  refractivity  changes  of  the 
same  sign,  the  second  hologram  growth  reinforces  the  first  hologram.  As  a  consequence 
the  efficiency  does  not  return  to  zero  as  it  does  at  350nm. 

The  actual  behavior  observed  for  hologram  formation  resulting  from  the  hydrogen 
abstraction  of  benzophenone  in  PMMA  [4]  is  shown  in  Figure  11.  The  behavior  observed 
corresponds  at  least  qualitatively  to  that  expected  from  the  theoretical  considerations 
discussed  above.  Measurements  of  the  absorption  spectrum  of  the  benzophenone/PMMA 
system  at  various  times  during  the  progress  of  the  photochemistry  reveals,  however,  that 
this  is  not  what  is  happening  [4].  The  reaction  scheme  for  benzophenone  will  be 
discussed  in  the  next  subsection. 

D.  Consecutive  Reaction  Scheme;  Aj-*A2-*A3 
For  the  consecutive  reaction  scheme 


again  using  the  definitions 


T  -  kxt 
K  -  *2/*l 


one  obtains  the  following  expressions  for  the  time  dependent  concentrations  [7] 
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Since  this  is  the  reaction  scheme  that  is  appropriate  for  describing  the  ben2ophenone 
photochemistry  in  PMMA,  we  will  briefly  discuss  that  photochemistry  [4].  Considering 
only  the  products  that  live  long  enough  to  produce  holograms  with  lifetimes  of  minutes  or 
longer,  the  reaction  can  be  written: 


The  final  product  A3  is  speculative  but  does  seem  to  be  consistent  with  the  observed 
changes  in  the  absorption  spectrum.  To  calculate  the  index  of  refraction  changes  we  use 
the  above  reaction  scheme  as  a  model.  The  parameters  chosen  for  the  absorption 
characteristics  are  presented  in  Table  n.  The  values  for  benzophenone  are  well  known 
[19].  The  values  for  A2  are  chosen  by  replacing  the  benzophenone  air*  transition  at 
338  nm  by  a  stronger  irir*  transition  at  333  nm.  This  is  in  agreement  with  the  observed 
spectral  changes  that  show  an  intense  band  at  333  am  gradually  growing  in  to  replace  the 
benzophenone  absorption  in  this  region.  The  final  product  is  assumed  to  have  an 
absorption  spectrum  similar  to  that  of  diphenylmethane  [20]  which  in  turn  has  been  shown 
to  resemble  twice  the  spectrum  of  toluene  [21]. 


These  parameters  result  in  the  previously  discussed  molar  refractivity  curves  shown 
in  Figure  3.  A  crucial  feature  of  these  curves  is  the  cross-over  between  the  Aj  and  A2 
curves  at  about  390  nm.  Replacement  of  benzophenone  (Aj)  by  A2  results  in  an  increase 
of  molar  refractivity  at  350  am  but  a  decrease  at  514  am.  The  final  product  A3  always 
results  in  a  decrease  of  molar  refractivity  when  compared  to  that  of  Aj.  The 
consequences  of  this  cross-over  of  the  index  of  refraction  curves  for  the  parallel  reaction 
scheme  has  been  shown  in  Figure  10.  In  Figure  12  the  hologram  growth  curves  are 
shown  for  the  consecutive  reaction  scheme  and  it  can  be  seen  that  similar  growth  curves 
are  obtained.  Both  parallel  and  consecutive  reaction  schemes  are  in  qualitative  agreement 
with  the  experimentally  observed  growth  curves  shown  in  Figure  11.  It  should  be  noted 
that  none  of  the  parameters  used  in  the  calculation  of  the  hologram  growth  curves  and 
listed  in  Table  I  have  been  chosen  to  fit  the  experimental  curves.  One  could  achieve  even 
better  correspondence  between  calculated  and  experimental  curves  by  adjusting  the  input 
parameters,  particularly  the  molar  refractivities  and  the  fringe  visibility. 

The  distinction  between  parallel  and  consecutive  reaction  schemes  can  be  made  in 
the  case  of  benzophenone /PMMA  photochemistry  by  examining  the  absorption  spectrum 
as  the  reaction  proceeds.  If  the  parallel  reaction  scheme  were  appropriate  for  describing 
the  photochemistry,  the  absorption  at  333  nm  due  to  A2  would  remain  even  as  the  A3 
hologram  grew.  This  does  not  occur.  As  the  A3  absorption  grows  the  A2  absorption 
disappears  [4]  clearly  indicating  that  the  reaction  proceeds  by  a  consecutive  scheme. 

V.  CONCLUSION 

In  this  paper  we  have  presented  a  general  framework  for  calculating  holographic 
growth  curves  provided  one  knows  and  can  solve  the  kinetic  equations  for  the  appropriate 


photochemistry.  Three  kinetic  schemes  have  been  used  as  examples;  a  simple  one-step 
reaction,  a  parallel  reaction  scheme  resulting  in  two  different  products,  and  a  two-step 
consecutive  reaction  scheme.  More  complex  schemes  can  be  treated  by  straightforward 
extension  of  the  technique  outlined. 

It  has  been  shown  that  the  parallel  and  the  simple  one-step  reaction  schemes  cannot 
be  distinguished  from  each  other  by  analysis  of  the  shapes  of  the  holographic  growth 
curves  alone.  Additional  experimental  information  is  necessary.  It  has  also  been  shown 
that  the  two-step  consecutive  reaction  scheme  yields  growth  curves  similar  in  shape  to 
curves  obtained  from  a  parallel  reaction  scheme  where  the  reactant  molecules  sit  in  two 
different  reactive  sites  and  yield  different  products.  These  two  schemes  can  be 
distinguished  from  an  analysis  of  the  time-dependent  absorption  spectrum.  For 
benzophenone  in  PMMA  the  consecutive  reaction  scheme  has  been  shown  to  be  operative. 
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Table  I 

Parameters  Used  in  Calculating  Holographic  Growth  Curves 


Parameter 

Value 

Parameter 

Value 

"o 

1.5 

r 

1  msec 

<t> 

1.0 

140  l/mole*cm 

1 

1  W/cm2 

*2 

5000  l/mole»cm 

V 

1.0 

d 

200n 

M I 

182.21 

K 

0.01 

m2  »  m3 

183.21 

cl 

0.03mole/l 

8 

0.01  rad. 

\ 

350  nm 

514  nm 

27.447 

19.249 

s\ 

372.62 

— 

37.727 

16.987 

S2 

2924.5 

— 

— 

*3 

14.043 

11.347 

S3 

0.00003 

— 
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Table  H 

Wavelength  and  Oscillator  Strengths 
for  Species  Involved  in  Benzopbenone  Photochemistry 


Species 

Wavelength  (am) 

Oscillator  Strengths 

Benzopheone^ 

338 

0.007 

(A,) 

250 

0.37 

206 

0.56 

189 

1.14 

a2w 

333 

0.100 

206 

0.56 

189 

1.14 

A3 

271 

0.008 

(toluene  x2)^ 

214 

0.021 

191 

0.713 

(^Reference  19 

^Estimated  from  experiment,  see  Reference  4 
(^Reference  21 
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Figure  1.  One  of  the  experiment  arrangements  used  to  record  the  holographic  growth 


Object 

Wave 


Holographic 

Recording 

Medium 


Figure  2.  The  formation  of  a  hologram  in  a  recording  medium  by  the  interference  of  an 
object  and  a  reference  beam.  The  darkened  areas  in  the  recording  medium  indicate  the 
regions  where  the  two  beams  destructively  interfere  and  little  photochemistry  is  produced. 
The  lighter  areas  are  regions  of  constructive  interference.  A  is  the  fringe  spacing  and  0  is 
the  angle  that  each  beam  makes  with  the  normal  to  the  recording  medium  surface. 


31 


Molar  Refractivity 
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Figure  3.  Molar  refractivity  as  a  function  of  wavelength  calculated  using  the  parameters 
in  Table  I.  The  three  curves  are  for  the  three  species  involved  in  the  benzophenone 
photochemistry.  —  ■  Aj  (benzophenone),  —  —  —  A2, - A3. 
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Index  Change  (xIO3) 


Figure  4.  The  index  of  refraction  change  as  a  function  ot  distance  for  a  one-step 
hologram  involving  the  absorption  of  two  photons,  Aj  A2.  The  various  curves  are  for 
different  times  during  the  hologram  growth  and  these  times  are  indicated  in  seconds  on 
the  figure.  The  distance  is  in  units  of  the  fringe  spacing  A.  A  fringe  visibility  V  of  1  has 
been  assumed. 
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Figure  5.  Hologram  growth  curves  for  a  one-step,  two-photon  reaction  using  various 
values  for  the  fringe  visibility  V.  a)  Efficiency  vs.  time  indicating  the  decrease  in 
maximum  efficiency  as  the  fringe  visibility  decreases,  b)  Normalized  efficiency  vs.  time 
showing  the  change  in  shape  of  the  hologram  growth  curve  as  the  fringe  visibility  changes. 
The  dotted  vertical  tine  notes  the  time  at  which  r«l/fc  where  k  is  the  reaction  rate. 
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Time  (sec.) 


Figure  6.  Hologram  growth  curves  for  first  and  second  order  holograms.  Both  curves 
have  been  normalized  to  maximum  efficiencies  of  unity.  In  both  cases  a  fringe  visibility 
V  m  l  was  assumed. 
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Efficiency  (xIO3) 
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Figure  7.  Hologram  growth  curve  and  >(!).,/, 2  „  ,  ,uncIj0„  of  Iine 
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Figure  S.  Molar  absorption  as  a  function  of  wavelength  calculated  using  the  parameters 
Tables  I  and  II.  The  curves  are  for  the  species  Aj  ( - ),  A2  ( - ).  and  A3 
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Figure  9.  a(I)  vs.  laser  intensity  calculated  for  a  system  undergoing  two  parallel  reactions. 
One  of  the  reactions  is  a  one-photon  process  and  the  other  requires  two  photons. 
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Figure  10.  Calculated  hologram  efficiency  vs.  time  for  the  parallel  reaction  scheme 


2hr 


A-, 


A,1  -at  Ai 


a)  Hologram  produced  and  read  at  350  nm.  b)  Hologram  produced  at  350  nm  and  read 
at  514  nm. 
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Figure  11.  Experimental  hologram  efficiency  vs.  time  for  a  250ft  thick  sample  of  5%  by 
weight  benzophenone  in  PMMA.  a)  Hologram  produced  and  read  using  Ar+  laser  UV 
lines  with  a  power  density  of  0.96  W/cm2  in  each  laser  beam,  b)  Hologram  produced 
using  Ar+  laser  UV  lines  with  a  power  density  of  0.73  W/cm2  per  beam.  The  hologram 
was  read  at  514.5  nm  with  a  second  Ar+  laser  with  a  power  of  1.2  mW.  Note  that  the 
start  of  the  hologram  growth  has  been  shifted  from  zero  time  to  make  it  more  readily 
visible. 
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